Abstract. This research shows the use of computational fluid dynamics (CFD) with finite volume method (FVM) to study the species diffusion and mixing characteristics in a tubular membrane filled with vertical baffles. This study exhibits how to set up the FVM for CFD simulation and residence time distribution (RTD) analysis and compare the mixing characteristics of two membrane tubes with a different number of baffles using RTD curves. In this study, the effects of the number of baffles on flow patterns, features and behavior of air were identified completely through computational fluid dynamics (CFD) simulations. In addition, a two-dimensional simulation was implemented to study the effects of steady and unsteady (transient) flow in the tubular membrane. The residence time distribution (RTD) of a tracer in a co-current flow pattern was investigated. For this, the tracer was injected for 1 second into the membrane tubes on a frozen flow field and the concentration variation of the tracer over time was monitored at the outlet.
Introduction
Concentration polarization decreases permeation in the gas separation process [1] . Turbulence promoters are normally applied to overcome this unwanted phenomenon [2] . They are also applied to increase the efficiency of the membrane [3] . For this purpose, several researchers have proposed geometric conditions for different membrane processes [4] .
In these studies, it has been established that installation of baffles should be modest and active to enhance permeation of a specific gas [5, 6] . Different orientations and shapes of baffles have been used in other studies [7, 8] . Mass transfer in a baffle-filled membrane tube is a complex phenomenon for which several experimental investigations are available in the literature [9] [10] [11] [12] . By mathematically modeling the flow of fluid in membrane tubes equipped with baffles, the wall concentration and local flux by mass balance have been studied [13] [14] [15] . Numerical methods with great precision, such as computational fluid dynamics (CFD), have been developed and established in the last decade [16, 17] .
Liu, et al. [18] used mixing-promoting baffles to simulate the mass transfer in a slit membrane tube for an effective elimination of volatile organic compounds. Santos, et al. [19] developed a mathematical simulation of membrane tubes filled with flow-aligned spacers. They established that mass transfer effectiveness and friction should play an important role in the selection of the finest spacer. The effects of different spacers on flow behavior has been studied by applying CFD software in annular and flat channels [20] . The results of the simulation showed that there is no significant change in the fluid flow in a flatchannel and spacer-filled spiral configuration. The membrane flux is raised considerably by using baffles in the tube. The qualitative and quantitative properties of the fluid flow in a membrane tube filled with baffles still require more research [21, 22] .
In the present research, a 2D perpendicular baffle-filled membrane tube was used to simulate a turbulent flow using finite volume solver ANSYS FLUENT® to examine the effect of changing the number of baffles on the flow pattern. Additionally, the distribution of velocity, the turbulence characteristic and mass concentration were considered. Mass concentration in the membrane tube was studied for the residence time distribution analysis to predict a better design. The results obtained for different numbers of baffles were compared first to reduce concentration polarization effects in the membrane tube.
CFD Model Formulation and Simulation Setup
For designing a steady state well-mixed module, it is necessary to analyze the flow characteristics of different membrane tubes filled with baffles and compare the RTDs. In this study, a tracer was injected for 1 second into membrane tubes on a frozen flow field and the concentration variation of the tracer with time was monitored at the outlet. The schematics of the two models used are shown in Figure 1 . The first model had 5 baffles, while the second model had 15 baffles. All the other design parameters were the same in both cases. The flow was turbulent and the inlet fluid had a velocity of 0.5 m/s (Reynolds number = 27383).
The meshes of the two models are shown in Figure 2 . The mesh was created using GAMBIT® with the quad meshing scheme. Mesh analysis was carried out using three different mesh intervals, i.e. 1 mm, 2 mm, and 3 mm. The results of the different simulations showed no major differences. The mesh had been developed with a minimum orthogonal quality of 9.99×10 -1
. The mesh had one partition with 51800 cells, 105532 faces and 53718 nodes [23] . The continuity equation in differential form is defined by Eq. (1):
Conservation of momentum is defined by Eq. (2):
The two-equations model is the most simple and best-known turbulence model. In this model, the turbulent length scales and velocity are calculated independently by using the solutions of different transport equations. The standard k-ϵ model has become the most widely used turbulence model for the solution of practical engineering flow problems [24, 25] .
The transport equations for the Standard k-ϵ Model are expressed in Eqs. (3) and (4):
and
The equation of the turbulent viscosity is defined by Eq. (5):
The model constants are: 
The external time distribution can be calculated by Eq. (10):
Here / S is the concentration of tracer at the outlet as a function of time.
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represents the fraction of species that spend a time less than t inside the membrane tube.
The fraction of species that spend a time more than t is calculated by Eq. (11): Table 1 shows the properties of air and their values used in this study. In this research, it was assumed that the fluid is under turbulent flow with Newtonian, isothermal, incompressible, and constant physical properties. Table 2 shows the boundary conditions used for the CFD simulation. Figure 3 illustrates the solution procedure for steady and unsteady (transient) problems. In this model, the SIMPLE algorithm is used for pressure-velocity coupling. This algorithm is based on the predictor-corrector approach. The least squares cell-based approach is applied for the evaluation of gradients.
The PRESTO scheme is used for pressure discretization due to flows within strongly curved domains. The second order upwind scheme solves spatial discretization of momentum. The first order scheme is applied for the discretization of both the turbulent kinetic energy and the turbulent dissipation rate. An Intel Core i5 with 4GB RAM was used to solve the steady and unsteady problem. 
Results and Discussion

Velocity Contours
The turbulent flow in a baffle-filled membrane tube was simulated by applying the CFD method. For comparison, the fluid flow in an empty tube was also simulated. 
Velocity Convergence
The convergence histories of velocity magnitude in three membrane tubes (without baffles, with 5 baffles, and with 15 baffles) against iteration are shown in Figure 5 . It can be observed that the velocity magnitude in the membrane tube without baffles achieved the highest peak value when compared to the other two tubes. Fluctuation is not sufficient in the empty membrane tube. In the 5-and 15-baffle cases, we can see that the peak values were attained after 150 iterations. At the start, the fluid flows at the inlet velocity before reaching the first baffle, after which it sharply increases its velocity and reaches its peak value. In the 15-baffle case, after reaching peak value, the fluid velocity radically drops to its initial value. However, in the 5-baffle case, the velocity remains above the initial value. At an inlet velocity of 0.5 m/s, the base and peak values of velocity were about 0.5 and 0.8 m/s, respectively. It has been generally verified that the maximum velocity at the membrane wall can efficiently decrease the species concentration on the membrane surfaces, thus increasing the permeation flux.
Contours of Tracer Concentration
For the RTD analysis, a fluid called 'tracer' was injected into the membrane tubes for 1 second. This fluid has the same properties as air. The transient simulation was completed using the tracer as a material in FVM. The frozen flow field was selected to avoid the effect of the tracer on the bulk fluid. After the 1-second injection, the tracer was stopped and the simulation was run further to analyze the RTD of the membrane tube. The concentration of injected tracer for the without-baffle case is shown in Figure 6 (a). In Figure 6 (b) we can observe the concentration after 2000 time steps. The size of each time step was 0.1. The concentration of tracer at the outlet as a function of time after 1 second for the 5-baffle case is shown in Figure 7 (a). There was still a finite concentration of tracer at the outlet after 2000 time steps, as shown in Figure 7 (b). The unsteady run was continued for 2500 more time steps. The concentration of tracer at the outlet as a function of time after 4500 time steps is shown in Figure  7 (c). Figure 8(a) shows the mass concentration of injected tracer after 1 second for the 15-baffle case. The mass-weighted average of tracer concentration was negligibly small after 200 time steps, as shown in Figure 8(b) . Hence, the data were sufficient to conduct the RTD analysis. 
Residence Time Distribution (RTD) Analysis
Figures 9-11 show the concentration of tracer for the without-baffles, 5-baffles, and 15-baffle cases respectively. In the mass weighted average profiles for the without-baffle and 15-baffle cases we get parabolic curves. We can observe the minimum value on both sides of the parabola for both cases. The behavior of the curve for the concentration in the 5-baffle case was different from the other two. Figure 10 shows a sharp increase in the fluctuation of concentration followed by a long tail. Figures 12-14 show the E-curves of all the cases. The concentration values were multiplied with delta-t, which is 0.1. All the values of this concentration at the various times were added to get the denominator of the equation for external time distribution, E(t) in Equation 10 . Applying Equation 10, the ratio between the concentration at each time step and the sum of the product of concentration with delta-t were taken to get the RTD (E-curve). As can be seen from this figure, the general trend of the observed RTDs for the without-baffle and the 15-baffle cases were quite similar. The trend of RTD for the 5-baffle case was different due to the size of the gap between the baffles. This gap influences the RTD behavior in the membrane tube with 5 baffles. Comparing all cases, the highest RTD value was achieved in the 15-baffle case and the lowest RTD value in the 5-baffle case. Table 3 shows the residence time comparison, which is helpful for selecting a suitable design of the membrane tube based on the requirements. Equation 11 was used to calculate the minimum time for which 75%, 50% and 25% of species reside inside the tube. 
Conclusions
In this work, turbulent flow was simulated in baffle-filled membrane tubes using the CFD technique to investigate the flow pattern and velocity magnitude in detail. It was observed that the turbulence generated by the presence of baffles in the membrane tubes was helpful in increasing the contact between the membrane surface and the fluid. This is helpful in reducing the concentration polarization and increasing the permeation flux. A membrane tube with 5 baffles is predicted to provide better permeation flux than a membrane tube with 15 baffles and the empty membrane tube. It was observed that a regular change in flow path may create eddies before each baffle. This could increase the pressure loss and energy cost because of the energy dissipation in the turbulent flow. Therefore, the design of a membrane system filled with baffles contains a trade-off between different competing effects. Moreover, an RTD analysis was implemented by receiving the response of a tracer injected into the three different types of membranes. 
